To investigate the DNA sequence homology between the multicapsid nuclear polyhedrosis virus of Autographa californica and the multicapsid and single capsid nuclear polyhedrosis virus of Orgyia pseudotsugata, the stringency of hybridization conditions was varied. Thirteen to 25 % homology between the multicapsid viruses of A. californica and O. pseudotsugata was detected in 20, 30 and 40% formamide, indicating that fairly stable duplexes were being formed. Under the most stringent conditions in 50% formamide little homology was detected. In contrast to the multicapsid viruses, the single capsid virus of O. pseudotsugata demonstrated about 10% sequence homology in 20% formamide, but these duplexes were unstable and the percentage homology decreased markedly in the higher formamide concentrations. Examination of the specific regions of homology by hybridizing labelled DNA to Southern blots of the virus DNAs revealed that the regions of homology between these viruses were not limited to one region of the genome but were found on a number of restriction fragments.
INTRODUCTION
It was reported by Jewell & Miller (1980) that the multicapsid viruses of Autographa californica (AcMNPV) and Orgyia pseudotsugata (OpMNPV) demonstrated only limited (1%) DNA sequence homology. Because the hybridization conditions they used were stringent and would limit the permissible mismatching, we have analysed the relatedness of these two viruses using the methods outlined by Howley et al. (1979) which allow detection of duplex formation when as much as 33% base mismatch occurs. In addition, we have compared these two viruses to the single capsid virus of O. pseudotsugata (OpSNPV) which is of a different morphotype and, therefore, is likely to be distantly related (Rohrmann et al., 1981) . This virus was previously demonstrated by Rohrmann et al. (1978 b) to be 1% or less related to OpMNPV using stringent hybridization conditions.
METHODS
Virus DNAs. AcMNPV was the strain SAN 404 WDC HOB (FSL Collection no. 88;  initially provided by Sandoz Inc., Homestead, Fla., U.S.A.) and propagated in larvae of O. pseudotsugata. This virus was originally produced and described by Wood et al. (1981) . OpMNPV and OpSNPV were propagated in larvae of the natural host, O. pseudotsugata.
Virus DNAs were purified on CsC1 gradients from pure preparations of inclusion bodies (polyhedra) as described previously (Rohrmann et al., 1978 a specific activities of about 5 x 10 6 ct/min//~g were achieved. After labelling, the DNA was phenol-extracted, ethanol-precipitated and resuspended in 10 ~tl of 3 x SSC (SSC: 0.15 M-NaCI, 0.015 M-sodium citrate) and boiled for 2 min. This labelled DNA was then allowed to renature for 20 h at 60 °C and then made 0.01 M-phosphate, bound to a hydroxylapatite column at 60 o C and washed thoroughly with 0.2 M-phosphate. The duplexes were eluted with 0.4 M-phosphate and extensively dialysed with distilled water and then lyophilized. It was found that this selection of DNA capable of duplex formation increased the efficiency of the hybridization of the labelled DNA in our subsequent experiments.
Restriction endonuclease cleavage electrophoresis and blotting of DNA. Restriction enzymes were obtained from Bethesda Research Laboratories and buffers recommended by the manufacturer were used. DNA restriction fragments (0.5 /,tg/slot) were electrophoresed on 0-7% agarose gels 15 cm long overnight at 15 V using 40 mM-tris, 5 mM-EDTA, 20 raM-sodium acetate, pH 7-9 electrophoresis buffer containing 0-5 /~g/ml ethidium bromide. DNA restriction fragments were blotted on to nitrocellulose filters as described by Southern (1975) . After blotting the membranes were baked for 16 h at 80 °C. DNA-DNA hybridization on nitrocellulose filters. Sonically sheared DNA dissolved in distilled water was alkali-denatured by adding 0.1 vol. 4 M-NaOH and incubating at room temperature for 10 min. This solution was then neutralized with 1 vol. 2 M-ammonium acetate and 2 vol. 2 × SSC which resulted in a final DNA concentration of 100/tg/ml. Nitrocellulose membrane filter discs (7 mm diam.) were wetted with water and then with 2 x SSC and placed on a Whatman 3MM filter paper pre-wetted with 2 × SSC. One #g (10/tl) of each DNA sample was allowed to absorb through each filter, the membranes were washed once by allowing them to absorb 10/~1 of 2 x SSC and then baked at 80 °C for 18 h. Hybridization buffers were those described by Howley et al. (1979) . For quantification of DNA homology, two discs were placed in a 1.9 ml microfuge tube and 100 /~1 of the hybridization buffer containing the labelled DNA probe were added. Southern blot hybridization was carried out by preincubating the filter strips for 30 min at room temperature with 1 ml of the appropriate hybridization buffer, removing the buffer and adding the buffer containing the desired SEp-labelled DNA. The hybridization and washing temperatures for both filter and discs and Southern blots were based on the equation reported by Howley et al. (1979) using 56 % as the G + C content of the OpMNPV. This was determined from its density in CsC1 of 1.715 g/ml (Rohrmann et al., 1978a) using the equation of De Ley (1970) . All hybridizations were carried out at 41 °C and the reactions from 20, 30, 40 and 50% formamide were washed in 6 x SSC at 56, 63, 70 and 77 °C respectively. After washing, the Southern blots were dried and used to expose X-ray film and the filter discs were dried and counted in a liquid scintillation counter.
RESULTS

Quantification of homology
Preliminary hybridization curves, using conditions described in Table 1 , indicated that duplex formation began to plateau by 20 h. Therefore, the hybridizations were allowed to continue for 44 h to ensure maximum hybridization. The extent of hybridization in each of the formamide concentrations for each probe is reported in Table 1 . Hybridization of radiolabetled DNA was consistently high in the homologous reactions with the exception of the OpMNPV reaction in 20% formamide which was somewhat lower than the other homologous reactions. Table 2 indicates the number of counts bound relative to the homologous reactions. The AcMNPV and OpMNPV viruses demonstrated up to 20 to 25 % sequence homology in the 20 % and 30% formamide reactions and then began to decline in Table 1 . 
Blot hybridization
The restriction endonuclease Sall was used to cut OpMNPV and AcMNPV, and EcoRI was used to cut OpSNPV. These enzymes were selected because they produce a large number of fragments distributed over a similar range of sizes .for each virus. In addition, these enzymes cleave the virus genomes such that the polyhedrin gene is predominantly on the following fragments: OpMNPV, 1.55 megadaltons (md); AcMNPV, 1.7 md; OpSNPV, 2.1 md (G. F. Rohrmann, unpublished results). Because it is a major component of these restriction fragments, we can trace this gene in the hybridization reaction.
Under non-stringent hybridization conditions, homology was detected between almost all restriction fragments ( Fig. 1 and 2) . The decline in duplex formation was observed as the formamide concentration increased. This decline was affected to a greater extent by the OpSNPV hybrids, indicating a greater degree of mismatching. This is also demonstrated by the results in Table 2 . It is evident from blot hybridization that the polyhedrin gene reacts to increased stringency in a manner similar to other regions of the genome (see Fig. 1 and 2) . Therefore, there are several regions of the baculovirus genomes which have a stability similar to polyhedrin and, therefore, the polyhedrin gene is not the only gene which has been highly conserved in these viruses.
D I S C U S S I O N
In order to interpret the baculovirus hybridization data presented here, it is important to consider similar data from well-characterized systems. In papovaviruses, both the DNA homology under a variety of hybridization conditions and the actual homology determined from the complete DNA sequences have been reported. The average homology detected under the least stringent conditions (20% formamide) comparing simian virus 40 to BK virus and polyoma virus was 81% and 1.3% respectively (Howley et al., 1979) . In contrast, a comparison of nucleotide sequences of these viruses by Soeda et al. (1980) indicated that they had actual homologies of about 73 % and 49 % respectively (these are average values for the three genes examined). This demonstrates the limitation of hybridization studies between heterologous DNAs. DNAs which demonstrate almost no homology, even under the least stringent conditions, can actually be nearly 50% related in nucleotide sequence. This is because the least stringent conditions still only permit hybridization when there is less than 33 % mismatch (Howley et al., 1979) . The polyhedrin gene can be used as an example as to how DNA homologies between baculoviruses may be affected by nucleotide mismatching. The polyhedrin proteins of the three baculoviruses investigated here are virtually indistinguishable by radioimmune assay (Rohrmann et al., 1981; G. F. Rohrmann, unpublished results) . In addition, N-terminal amino acid sequences and tryptic peptide elution profiles suggest that the OpMNPV and OpSNPV polyhedrins are 90 % similar in amino acid sequence (Rohrmann et al., 1979 ). Yet the ability of the DNAs coding for these genes to cross-hybridize is limited. In fact, under stringent conditions (50% formamide) which result in intense hybridization of the homologous DNA, there is little or no evident cross-hybridization between these genes ( Fig. 1 and 2 ). This occurs because genes which code for proteins which have 90 % of their amino acid sequence in common can theoretically have a 33 % difference in their DNA sequence due to variation of the third nucleotide of the codons from the common amino acids in addition to the 3 % difference in nucleotides which would Cause the observed 10% change in amino acid sequence. Therefore, genes which code for these very similar proteins could differ in 36% of their nucleotide sequence and could therefore demonstrate only limited homology by hybridization.
The above data on sequence homology relationships would indicate that maximum values of homology of about 25% between the MNPVs and 10% between the MNPVs and the SNPV are not absolute values but are suggestive of a much higher actual sequence homology. Evidence supporting a closer relatedness between the two MNPVs was presented by Martignoni et al. (1980) who demonstrated that antiserum to OpMNPV has significant neutralizing ability against AcMNPV, and by Smith & Summers (1981) who indicated that six out of 22 of the nucleocapsid proteins of these two viruses are antigenically related. It is therefore evident that these viruses are much more closely related than previously reported by Jewell & Miller (1980) for the MNPVs and Rohrmann et al. (1978b) for OpMNPV and OpSNPV.
Although DNA hybridization studies cannot produce absolute values of relatedness, quantification of homology by filter hybridization can determine the relative relationships between viruses. In addition, by identifying regions of homology on Southern blots, one can determine if the homology is localized in a specific region or present throughout the genome. As more information on related DNA sequences is accumulated it should be possible to equate the degree of hybridization under non-stringent conditions to the actual sequence relatedness of two DNAs. This could then be applied to DNAs of unknown sequences such as those investigated here to give a relatively precise indication of their relatedness.
